Neurotransmitter receptor density changes in Pitx3ak mice – 
A model relevant to Parkinson’s disease
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Abstract
Parkinson’s disease (PD) is the second most common neurodegenerative disorder, characterized by alterations of nigrostriatal dopaminergic neurotransmission. Compared to the wealth of data on the impairment of the dopamine system, relatively limited evidence is available concerning the role of major non-dopaminergic neurotransmitter systems in PD. 
Therefore, we comprehensively investigated the density and distribution of neurotransmitter receptors for glutamate, GABA, acetylcholine, adrenaline, serotonin, dopamine and adenosine in brains of homozygous aphakia mice being characterized by mutations affecting the Pitx3 gene. This genetic model exhibits crucial hallmarks of PD on the neuropathological, symptomatic and pharmacological level. Quantitative receptor autoradiography was used to characterize 19 different receptor binding sites in eleven brain regions in order to understand receptor changes on a systemic level.
We demonstrated striking differential changes of neurotransmitter receptor densities for numerous receptor types and brain regions, respectively. Most prominent, a strong up-regulation of GABA receptors and associated benzodiazepine binding sites in different brain regions and concomitant down-regulations of striatal nicotinic acetylcholine and serotonergic receptor densities were found. Furthermore, the densities of glutamatergic kainate, muscarinic acetylcholine, adrenergic α1 and dopaminergic D2/D3 receptors were differentially altered. 
These results present novel insights into the expression of neurotransmitter receptors in Pitx3ak mice supporting findings on PD pathology in patients and indicating on the possible underlying mechanisms. The data suggest Pitx3ak mice as an appropriate new model to investigate the role of neurotransmitter receptors in PD. Our study highlights the relevance of non-dopaminergic systems in PD and for the understanding of its molecular pathology. 
Introduction

Neurotransmitter receptors are major targets for pharmaceutical intervention in neurological and psychiatric disorders, since alterations of neurotransmitter systems are often found in such diseases of humans as well as in respective animal models 
 ADDIN EN.CITE 

(Zilles et al., 1999; Cremer et al., 2009; Palomero-Gallagher et al., 2009; Palomero-Gallagher et al., 2012)
. In Parkinson’s disease (PD), the dominant role of changes in dopaminergic neurotransmission, resulting from degeneration of dopamine producing neurons in the substantia nigra is well known. This deficit can be compensated for a considerable but limited time by application of the dopamine precursor L-DOPA. However, the possible involvement of non-dopaminergic transmitter systems and their receptors is poorly understood, though studies indicate that changes regarding the glutamatergic, GABAergic, acetylcholinergic, adrenergic, serotonergic and adenosine system play a role in PD pathogenesis 
 ADDIN EN.CITE 

(de Jong et al., 1984; Tohgi et al., 1993; Rodriguez et al., 1998; Kerenyi et al., 2003; Kas et al., 2009; Varani et al., 2010)
. 

The aphakia mouse (gene symbol ak) has been extensively studied as a model for abnormal lens development 
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(Grimm et al., 1998; Graw, 1999; Rieger et al., 2001)
. Molecularly, it is characterized by two major deletions in the promoter of the Pitx3 gene. Therefore, we here refer to this mutant as Pitx3ak mice 
 ADDIN EN.CITE 

(Semina et al., 2000; Ahmad et al., 2013)
. Moreover, it has been described that these mice exhibit a selective and severe loss of dopaminergic neurons in the substantia nigra 
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(Hwang et al., 2003; Nunes et al., 2003; van den Munckhof et al., 2003; Smidt et al., 2004)
, establishing Pitx3ak as a model relevant to PD. The nigral cell loss entails a reduction of dopaminergic innervation in the striatum 
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(van den Munckhof et al., 2003)
. At the motor level, Pitx3ak mice exhibit deficits in striatum-dependent cognitive and nigrostriatal pathway-sensitive behavioral tests, reflected by impairments concerning rotarod learning, t-maze performance, inhibitory avoidance tasks, challenging beam and pole test 
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(Hwang et al., 2005; Ardayfio et al., 2008)
. These motor deficits can be reversed by L-DOPA treatment 
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(Hwang et al., 2005; van den Munckhof et al., 2006)
, which in case of chronic administration leads to L-DOPA-induced dyskinesia 
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(Ding et al., 2007)
. Taken together, Pitx3ak mice represent a rodent model of PD, exhibiting crucial hallmarks at the neuropathological, symptomatic and pharmacological level.

To shed light on the role of dopaminergic and non-dopaminergic neurotransmitter receptors in PD and enlarge our knowledge of potential targets for intervention, we comprehensively analyzed the density and distribution of 19 different binding sites for glutamate, GABA, acetylcholine, adrenaline, serotonin, dopamine and adenosine in Pitx3ak mice brains. Besides the classical motor symptoms caused by altered nigrostriatal neurotransmission, PD patients exhibit several non-motor symptoms, e.g. neuropsychiatric and cognitive deficits, autonomic, sensory and sleep disorders 
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(Ziemssen and Reichmann, 2007; Lohle et al., 2009; Park and Stacy, 2009)
. Therefore, we focused our approach on eleven different brain regions relevant for motor- (i.e., cerebellum, striatum, substantia nigra and motor cortex) and non-motor function (i.e., olfactory bulb; somatosensory, piriform and visual cortices; hippocampal regions CA1, CA2/3 and dentate gyrus).
Experimental Procedures
Materials
[3H]AMPA, [3H]kainate, [3H]MK 801, [3H]muscimol, [3H]SR 95531, [3H]flumazenil, [3H]pirenzipine, [3H]oxotremorine-M, [3H]AF-DX 384, [3H]4-DAMP, [3H]epibatidine, [3H]prazosin, [3H]UK14,304, [3H]8-OH-DPAT, [3H]ketanserin, [3H]SCH 23390 and [3H]raclopride were purchased from Perkin Elmer, Rodgau, Germany. [3H]CGP 54626, [3H]LY 341 495 and [3H]ZM 241 385 were purchased from Biotrend, Cologne, Germany. [3H]fallypride was synthesized in our laboratory. Briefly, norfallypride (N-((1-allylpyrrolidin-2-yl)methyl)-5-(3-fluoropropyl)-2-hydroxy-3-methoxybenzamide) was dissolved in DMF and labeled at room temperature using [3H]methyl nosylate and Cs2CO3. Purification of the crude product via semi-preparative HPLC gave [3H]fallypride in a radiochemical yield of 69%, a radiochemical purity of > 99.5%, and a specific activity of 1406 GBq/mmol.
Animals
Mice were kept under specific pathogen-free conditions at the Helmholtz Center Munich. For this study, homozygous male Pitx3ak mice of 4–6 months of age (n = 12) and corresponding C57Bl/6 control mice (n = 6) were used. Former studies have shown that a number of six animals is a sufficient group size for autoradiographic analysis in case of well-established control mice strains like C57Bl/6 (Cremer et al., 2011; Oermann et al., 2005; Zilles et al., 2000). The size of the Pitx3ak group was larger than that of the control group to compensate for potentially higher interindividual differences and receive statistical reliable results. Experiments were performed according to the German animal welfare act and approved by the responsible governmental agency, LANUV NRW (Regional authorities for nature, environment and consumer protection NRW). Mice (28±3 g bodyweight) were anesthetized using CO2 and subsequently decapitated. After immediate removal of the brains, the brains were frozen in isopentane and stored at - 80 °C.

Tissue processing
Unfixed, frozen brains were serially sectioned (10 µm at - 15 °C) in the coronal plane using a cryostat (Leica Mikrosysteme Vertrieb GmbH, Mikroskopie und Histologie, Wetzlar, Germany). Alternating sections were mounted on pre-cooled, gelatin-coated glass slides, dried on a heating plate and either processed for quantitative in vitro receptor autoradiography according to standard protocols 
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(Zilles et al., 2002b; Zilles et al., 2002a; Palomero-Gallagher et al., 2003; Zilles et al., 2004)
 or histological cresyl violet staining, respectively. Slices were stored in vacuum-sealed plastic boxes at - 80 °C.

Receptor autoradiography
Nineteen different receptor binding sites of the neurotransmitters glutamate (AMPA, kainate, NMDA, mGlu2/3), GABA (GABAA, GABAB, benzodiazepine binding sites BZ), acetylcholine (M1, M2, M3, nicotinic), noradrenaline (α1, α2), serotonin (5-HT1A, 5-HT2), dopamine (D1, D2/D3), and adenosine (A2A) were analyzed after incubating the brain slices in solutions containing the respective tritiated ligands. The procedure has been previously described in detail 
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(Zilles et al., 2002b; Zilles et al., 2002a)
. Briefly, the autoradiographic labeling method consists of three steps: (1) the preincubation for rehydrating the sections and removing endogenous ligand, (2) the main incubation for labeling of receptors with the tritiated ligand in the absence (total binding) or presence (nonspecific binding) of a specific non-radioactive displacer, and (3) the washing step for elimination of unbound ligand as well as buffer salts. Detailed incubation protocols are summarized in Table 1, including receptor subtypes, 3H-ligands, non-radioactive displacers, buffer compositions, incubation and washing times. 
Image analysis
Radioactively labeled sections were co-exposed with plastic standards of known radioactivity concentrations against β-sensitive films (Kodak, PerkinElmer LAS GmbH, Germany) for nine to fifteen weeks, depending on the respective tritiated ligand. The sections of control and Pitx3ak mice for each given ligand were exposed for exactly the same amount of time, which was nine weeks in case of [3H]LY 341 495, [3H]CGP 54626, [3H]flumazenil, [3H]AF-DX 384 or [3H]4-DAMP binding, twelve weeks for [3H]kainate, [3H]MK 801, [3H]muscimol, [3H]SR 95531 and [3H]pirenzipine and 15 weeks in case of [3H]AMPA, [3H]oxotremorine-M, [3H]epipatidine, [3H]prazosin, [3H]UK 14,304, [3H]8-OH-DPAT, [3H]ketanserin, [3H]SCH 23390, [3H]ZM 241 385, [3H]fallypride and [3H]raclopride binding.
Films were developed using a Hyperprocessor (Amersham Biosciences, Amersham, UK; now: GE Healthcare Europe GmbH, Freiburg, Germany) and digitized using a CCD-camera (Zeiss, Carl Zeiss MikroImaging GmbH, Göttingen, Germany) and the image analyzing software AxioVision (Zeiss, Carl Zeiss MikroImaging GmbH, Germany). The co-exposed standards were used to compute non-linear transformations for each film, defining the relationship between gray values in the autoradiograph and concentrations of radioactivity in the tissue Zilles et al., 2004()
. Using these transformation curves, the gray value of each pixel was converted into corresponding radioactivity concentrations and subsequently into receptor densities in fmol/mg protein Zilles et al., 2002a()
. The resulting linearized images, in which gray values correlate to receptor densities, were contrast-enhanced and color-coded to highlight the regional distribution of the neurotransmitter receptors for visual inspection. For this purpose, a color scale with eleven colors, representing equally spaced gray value ranges, was assigned to the 256 gray values of the linearized autoradiograph. 

Statistical analysis

Receptor densities (fmol/mg protein) averaged over all cortical layers were measured using the original, non-contrast-enhanced data sets in eleven different brain regions of interest (ROI), namely the olfactory bulb, the motor, somatosensory, piriform and visual cortices, the striatum, the CA1-3 fields of the hippocampus, the dentate gyrus, the substantia nigra and the cerebellum. For each animal, brain area, and receptor type, three ROIs were measured and averaged, representing the mean binding site density (fmol/mg protein) of a particular animal and area. Data were statistically analyzed for significant differences between control and Pitx3ak mice using an analysis of variance (omnibus ANOVA, Systat® Version 13). Receptor specific p-values <0.05 were considered statistically significant and followed by tests for each analyzed brain region (post hoc ANOVA). In the case of the cerebellum as well as the dopamine and adenosine receptor ligands (i.e., SCH 23390 for D1, raclopride for D2/D3, fallypride for D2/D3, and ZM 241 385 for A2 receptors), ANOVA was performed for each brain region using post hoc tests with Bonferroni correction. 
Results

Using quantitative receptor autoradiography, mean densities (fmol/mg protein) of different receptor binding sites for glutamate, GABA, acetylcholine, noradrenaline, serotonin, dopamine and adenosine were measured in the brains of Pitx3ak and control mice. Significant differences were found for eleven receptor types, i.e., kainate, GABAA, GABAB, BZ, M2, M3, nicotinic, α1, 5-HT1A, 5-HT2 and D2/D3 (cf. Fig. 1, 2; Table 2).

In general, the regional distribution pattern of most binding sites, but not the absolute receptor density was similar between Pitx3ak and control mice. Thus, the following description of regional receptor distribution refers to both groups, except for the two cases of striatal nicotinic and 5-HT2 receptors, which will be described separately. 

GABA receptor and BZ binding site up-regulation

The most important excitatory and inhibitory neurotransmitter systems of the brain, i.e., glutamate and GABA, were analyzed by measuring AMPA, kainate, NMDA, mGlu2/3, GABAA and GABAB receptors as well as GABAA-associated BZ binding sites.

Mean densities of Kainate receptors were similar between most analyzed brain regions, except for the hippocampal CA1 region, the substantia nigra and the cerebellum, where receptor densities were relatively low (cf. Fig. 1). Statistical tests revealed significant differences in kainate receptor densities between Pitx3ak and control mice in three ROIs. In the olfactory bulb, the density was decreased by 12% (p < 0.05) in the aphakia group, while the kainate receptor densities were increased in the striatum and the visual cortex of this group by 11% (p < 0.05) and 21% (p < 0.01), respectively (cf. Fig. 2; Table 2). 
AMPA receptor densities were low in the olfactory bulb, the motor, somatosensory and visual cortex, the striatum, the substantia nigra and the cerebellum. Higher densities were found in the piriform cortex, and particularly, in the hippocampus. No significant differences could be designated in any area between control and Pitx3ak animals (cf. Table 2). The NMDA receptors were heterogeneously distributed between the brain regions investigated, showing high receptor densities in the hippocampus, intermediate densities in the motor, somatosensory, piriform and visual cortex and low values in the olfactory bulb, the striatum and the substantia nigra. No significant differences were found between the densities of NMDA receptors in Pitx3ak and control mice brains (cf. Table 2). Mean densities of mGlu2/3 receptors were also heterogeneously distributed with high values in the motor, somatosensory, piriform and visual cortex, intermediate densities in the striatum and the dentate gyrus, and low densities in the olfactory bulb, the hippocampal regions CA1 and CA2/3, the substantia nigra and the cerebellum. No significant differences of mGlu2/3 receptor densities were observed between control and Pitx3ak mice (cf. Table 2). 
GABAA binding sites revealed by the receptor agonist [3H]muscimol were homogeneously distributed throughout the brain regions investigated, except for a maximum in the cerebellum (cf. Fig. 1). Significantly increased receptor densities were found in the motor (31%; p < 0.01), somatosensory (28%; p < 0.01) and piriform cortex (23%; p < 0.05), as well as in the cerebellum (44%; p < 0.01) of Pitx3ak mice (cf. Fig. 2; Table 2). Antagonist binding sites revealed by [3H]SR 95531 were more heterogeneously distributed, exhibiting slightly higher densities in the hippocampal regions, low values in the striatum and intermediate densities in the other brain regions (cf. Fig. 1). With this ligand, GABAA binding site densities were significantly higher in the hippocampus (CA1: 21%; p < 0.01; CA2/3: 60%; p < 0.01; dentate gyrus: 69%; p < 0.01) and the visual cortex (32%; p < 0.01) of Pitx3ak compared to control mice (cf. Fig. 2; Table 2). Mean densities of GABAA-associated BZ binding sites were lower in the striatum and the cerebellum, than in the other brain regions investigated (cf. Fig. 1). BZ binding site densities were consistently increased in all investigated brain regions of the Pitx3ak group compared to controls. The alterations were statistically significant for most regions, except for the olfactory bulb and CA1, and reached from 19 to 56% (motor cortex, somatosensory cortex, striatum: p < 0.05; piriform cortex, visual cortex, CA2/3, dentate gyrus, substantia nigra, cerebellum: p < 0.01) (cf. Fig. 2; Table 2). In general, GABAB receptor densities were high in most ROIs, except for the olfactory bulb, the striatum and the substantia nigra (cf. Fig. 1). Statistical tests showed significant higher receptor densities in the motor (21%; p < 0.01), piriform (21%; p < 0.05) and visual cortex (29%; p < 0.01), the dentate gyrus (12%; p < 0.05) and the substantia nigra (26%; p < 0.01) of Pitx3ak mice (cf. Fig. 2; Table 2). 

Striking down-regulation of striatal nicotinic receptors 

In the cerebellum, most of the analyzed acetylcholine receptors exhibited densities below the method inherent detection limit. Mean densities of M1 receptors were heterogeneously distributed, revealing high values in the striatum, the CA1 region and the dentate gyrus of the hippocampus, low densities in the olfactory bulb and the substantia nigra, and intermediate ones in the other brain regions. There was no significant difference of muscarinic M1 receptor densities between control mice and Pitx3ak mice in the investigated brain regions (cf. Table 2). Muscarinic M2 receptor densities were high in the olfactory bulb and the striatum (in case of antagonist binding), medium in the motor, somatosensory and visual cortex, and low in all other ROIs (cf. Fig. 1). The distribution of binding sites revealed by either agonist or antagonist binding were similar in most analyzed brain regions, except for the striatal binding site densities, which were higher in case of agonist compared to antagonist binding. Statistical tests revealed significantly decreased M2 receptor densities in the somatosensory cortex (-12%; p < 0.01) as well as in the striatum (-19%; p < 0.01) of Pitx3ak mice, compared to controls (in case of [3H]oxotremorine-M) (cf. Fig. 2; Table 2). Binding of [3H]AF-DX 384 did not demonstrate significant differences between Pitx3ak and control mice (cf. Table 2). Comparable to M1 receptors, M3 receptor densities were high in the striatum and CA1, low in the olfactory bulb and particularly in the substantia nigra, and intermediate in the other brain regions (cf. Fig. 1). M3 receptor densities were significantly increased in all cortical regions of the Pitx3ak group, i.e., in the motor (21%; p < 0.01), somatosensory (13%; p < 0.01), piriform (14%; p < 0.01) and visual cortex (17%; p < 0.01), as well as in the hippocampal CA1 region (9%; p < 0.05) (cf. Fig. 2; Table 2). Mean densities of nicotinic acetylcholine receptors were generally low and similar in most ROI, with slightly higher values in the motor, somatosensory and visual cortex. The control group exhibited a maximum density in the striatum, but Pitx3ak mice did not (cf. Fig. 1). Nicotinic acetylcholine receptor densities were significantly decreased by 15% (p < 0.05) in the CA2/3 region of the hippocampus, by 16% (p < 0.01) in the dentate gyrus, and most prominent by 47% (p < 0.01) in the striatum of Pitx3ak compared to control animals (cf. Fig. 2; Table 2).

Reductions of serotonergic receptor densities up to 50%
The adrenergic and serotonergic systems were analyzed with regard to α1, α2, 5-HT1A and 5-HT2 receptors. The α1 receptor densities were high in the olfactory bulb and the motor cortex, medium in the somatosensory, piriform and visual cortex, and comparatively low in the other analyzed brain regions (cf. Fig. 1). Statistical tests revealed significantly increased receptor densities in the olfactory bulb (14%; p < 0.01), the piriform cortex (15%; p < 0.01), the striatum (7%; p < 0.05), CA1 (8%; p < 0.05), CA2/3 (13%; p < 0.01), the dentate gyrus (11%; p < 0.01), and the substantia nigra (19%; p < 0.01) of Pitx3ak mice compared to control animals (cf. Fig. 2; Table 2). In general, the densities of α2 receptors were low and homogeneously distributed between ROIs, showing slightly higher values in the piriform cortex. No significant difference between the two groups could be revealed by statistical tests (cf. Table 2). The serotonergic 5-HT1A receptor densities were low in most of the brain regions investigated, except for the CA1 region of the hippocampus, where densities were more than three times higher (cf. Fig. 1). The Pitx3ak group showed a significant decrease of 5-HT1A receptor densities in three brain regions, i.e., the olfactory bulb (-13%; p < 0.05), CA1 (-7%; p < 0.05) and the dentate gyrus (-12%; p < 0.05) (cf. Fig.2; Table 2). Mean densities of 5-HT2 receptors were low in the olfactory bulb, the hippocampus, the substantia nigra and the cerebellum, whereas densities in the motor, somatosensory, piriform and visual cortex were somewhat higher. In contrast to Pitx3ak mice, control mice exhibited a maximum 5-HT2 receptor density in the striatum (cf. Fig. 1). In this region, receptor density was reduced by nearly half (-48%; p < 0.01) in the Pitx3ak group (cf. Fig. 2; Table 2).
Dopaminergic D2/D3 receptor up-regulation
Mean densities of the dopamine and adenosine receptors investigated were below the method inherent detection limit in the cortical brain regions, but high in the striatum (D1, D2/D3 and A2A receptors) and the substantia nigra (D1 receptors) (cf. Fig.1). Statistical tests revealed significantly increased D2/D3 receptor densities in the striatum of Pitx3ak mice (8%; p < 0.05), in case of binding the medium-affinity ligand [3H]raclopride (cf. Fig. 2; Table 2). D2/D3 binding site densities revealed by the high-affinity ligand [3H]fallypride, as well as D1 and A2A receptor densities, did not differ significantly between Pitx3ak and control mice in the investigated brain regions (cf. Table 2).
Discussion

We investigated the occurrence of 19 different neurotransmitter receptor binding sites in the brains of Pitx3ak mice and control animals by means of quantitative in vitro receptor autoradiography. Differential changes were demonstrated for several binding sites of six neurotransmitter systems (i.e., glutamate, GABA, acetylcholine, adrenaline, serotonin and dopamine) (cf. Fig. 2; Table 2). These changes included all regions that we have analyzed (i.e., olfactory bulb; motor, somatosensory, piriform and visual cortices; hippocampal regions CA1, CA2/3 and dentate gyrus; striatum, substantia nigra, and cerebellum).
Pitx3ak mice consistently exhibited a significant increase of GABAA, GABAB and BZ binding sites in numerous brain regions (cf. Fig. 2; Table 2). Therefore, these results provide evidence indicating a possible enhancement of cerebral GABA receptor expression in PD. Changes of the GABAergic system were demonstrated in the brains of PD patients, i.e., a significant reduction of cerebral GABA levels 
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(de Jong et al., 1984; Gerlach et al., 1996)
, while GABA receptor expression has not been investigated so far. Increased GABA binding site densities could be part of a mechanism compensating for reduced GABA levels in PD by receptor up-regulation. However, further effort is necessary to investigate this issue in detail in Pitx3ak as well as in PD-patient brains.
Regarding the acetylcholine system, a striking reduction of nicotinic acetylcholine receptor densities in the hippocampus (15-16% reduction) and striatum (47% reduction) of Pitx3ak mice was particularly notable (cf. Fig. 2; Table 2). Similar changes of nicotinic acetylcholine receptors were reported in PD patients concomitant to cognitive or depressive symptoms, respectively 
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(Burghaus et al., 2003; Oishi et al., 2007; Kas et al., 2009; Meyer et al., 2009)
. Thus, the present data provide further evidence for a correlation between nigrostriatal neurodegeneration and a reduction of nicotinic receptor densities in PD. A neuroprotective effect of nicotine treatment was shown in rats and monkeys after injection of 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP), respectively 
 ADDIN EN.CITE 

(Costa et al., 2001; Quik et al., 2006; Abin-Carriquiry et al., 2008)
, while in humans a smoking-related nicotine administration has been associated with a decreased incidence of PD 
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(Allam et al., 2004; Ritz et al., 2007; Noyce et al., 2012)
. 

Adrenergic α1 receptor densities were significantly increased in different brain regions of Pitx3ak mice (cf. Fig. 2; Table 2). This represents an interesting finding since neuronal degeneration has been demonstrated in the locus coeruleus in the brains of PD patients 
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(Bertrand et al., 1997; Zarow et al., 2003)
, i.e., a major region of noradrenaline synthesis in the brain 
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(Benarroch, 2009)
. Accordingly, concentrations of noradrenaline were shown to be reduced in PD patients 
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(Scatton et al., 1983; Tohgi et al., 1993)
. Therefore, increased α1 receptor densities in different brain regions of Pitx3ak mice (cf. Fig. 2; Table 2) may reflect compensatory up-regulations resulting from reduced adrenergic innervation. Our data support the hypothesis that treatment of noradrenergic deficits might complement current dopamine-focused therapeutic approaches, especially with regard to PD-associated depression. For example, the serotonin/noradrenaline reuptake inhibitor venlafaxine was shown to improve depression in PD patients 
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(Richard et al., 2012)
. Furthermore, the noradrenaline/dopamine reuptake inhibitor bupropion was proposed as treatment of choice in depression associated with PD, avoiding the serotonin-associated side effects of standard medication 
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(Stahl et al., 2004; Raskin and Durst, 2010)
. 

In the present study, serotonergic 5-HT1A receptor densities were significantly decreased in the olfactory bulb and the hippocampal CA1 region of Pitx3ak mice compared to control animals, while striatal 5-HT2 receptor density was massively reduced by nearly 50% (cf. Fig. 2; Table 2). The last is well in line with previous results that revealed a similar down-regulation of 5-HT2 receptors in 6-OHDA-induced parkinsonian rats 
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(Li et al., 2010)
. In general, there is a well-described correlation between impairments of the serotonergic system and the occurrence of depression in non-PD patients Meltzer, 1990(; Mann, 1999)
. However, although depression is a frequent comorbidity of PD Cummings and Masterman, 1999()
, to date little is known about the condition of the serotonergic system in PD patients. Nevertheless, there is some evidence suggesting a PD-related serotonergic affection, e.g. serotonin transporter densities were shown to be reduced in the striatum of PD patients 
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(Kerenyi et al., 2003)
. Furthermore, 5-HT1A receptor dysfunction was described in PD patients depending on the absence or presence of depression 
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(Ballanger et al., 2012)
. Thus, our study supplements on the description of PD-associated serotonin receptor changes, supporting current approaches of treating depression as comorbidity of PD via serotonin or dual reuptake inhibitors like paroxetine or nortriptyline 
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(Menza et al., 2009; Richard et al., 2012)
. 

Dopamine D2/D3 receptor densities were significantly increased in the striatum of Pitx3ak mice compared to control animals (cf. Fig. 2; Table 2). This alteration most likely reflects a compensatory up-regulation induced by the loss of nigrostriatal dopaminergic innervation, a major hallmark of PD as well as of Pitx3ak brains 
 ADDIN EN.CITE 

(Hwang et al., 2003; Nunes et al., 2003; van den Munckhof et al., 2003; Smidt et al., 2004)
. These findings are supported by several reports on increased D2 receptor density in the striatum of PD patients 
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(Rinne et al., 1990a; Rinne et al., 1990b; Piggott et al., 1999; Hurley and Jenner, 2006)
. The fact that binding of [3H]fallypride did not reveal changes in receptor densities comparable to those demonstrated by binding of [3H]raclopride could be ascribed to different receptor affinities of the medium-affinity ligand [3H]raclopride and the high-affinity ligand [3H]fallypride (Slifstein et al., 2010; Stark et al., 2007).
All in all, the striatum is the most influenced brain region in Pitx3ak mice, with regard to the number of altered receptors and the magnitude of respective density changes. Kainate, α1 and D2/D3 receptor as well as BZ binding site densities were elevated, while M2, nicotinic and 5-HT2 receptor densities were decreased, the latter two by nearly 50% (cf. Fig. 2; Table 2). The striatum is strongly innervated by neurons of the substantia nigra and the function of the nigrostriatal pathway in mice is experimentally accessible via numerous behavioral tests. For example, the challenging beam and the pole test provide sensitive measurements of deficits of the nigrostriatal system 
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(Ogawa et al., 1985; Drucker-Colin and Garcia-Hernandez, 1991; Matsuura et al., 1997)
. Pitx3ak mice exhibit deficits with regard to behavioral tasks sensitive to nigrostriatal dysfunction (Hwang et al., 2005). Hence, the fact that the striatum is the most affected brain region in the present study is in line with the dopaminergic cell loss in the substantia nigra, as well as with the behavioral deficits of Pitx3ak mice. 

Two more brain regions with differential alterations of neurotransmitter receptor densities are the olfactory bulb and the piriform cortex (cf. Fig. 2; Table 2), which play an important role in olfaction. Odorant molecules are recognized in the olfactory bulb and the information is further analyzed in the piriform cortex, the olfactory tubercle and the amygdala. Olfactory dysfunction is a frequent non-motor symptom of PD (Doty et al., 1988; Hawkes et al., 1997). Impaired olfaction was shown to appear at an early disease stage and can even precede motor symptoms of PD by four years (Ross et al., 2008). Furthermore, an increased risk to develop PD for people with idiopathic olfactory dysfunction was reported (Ponsen et al., 2004). Changes in neurotransmitter receptor densities, comparable to those described in this study, may underlie the olfactory dysfunction in PD patients. To our knowledge, this issue has not been studied in detail so far and would be an interesting topic to address in the future. 
Our results demonstrated differential changes of various receptor densities in the brains of Pitx3ak mice. Although PD primarily impairs the dopaminergic system, the receptors of five out of six other neurotransmitter systems studied here showed up- or down-regulations of their densities (i.e., the glutamatergic, GABAergic, cholinergic, adrenergic, and serotonergic systems). Notably, the changes in the dopaminergic system were moderate and limited to a slight increase of D2/D3 receptor densities. In contrast, the nicotinic acetylcholine as well as the serotonergic 5-HT2 receptor densities were massively down-regulated by nearly 50%. Further investigations are necessary to shed light on the detailed cellular mechanisms that are associated with the described receptor density changes.

Moreover, since the Pitx3ak mouse represents a developmental model with an early onset of a PD-like phenotype, it would be interesting to compare our results on the altered neurotransmitter receptor densities to other mouse models of PD. One of the most widely used drug-induced animal models of PD is the MPTP-treated mouse, which shows a severe loss of dopaminergic cells caused by the administration of MPTP (Antony et al., 2011; Blesa et al., 2012). In MPTP-treated mice, Pitx3 is strongly downregulated in the striatum and in the midbrain (Rojas et al., 2012). Recently, it has been shown, that Pitx3 is expressed selectively in a subpopulation of dopaminergic neurons that are susceptible to neurodegenerative stress caused by application of MPTP (Luk et al., 2013).  Therefore, it would be interesting to see whether similar variations of neurotransmitter receptor densities can be observed in this model like those reported here. Since the PD induction in the MPTP model is caused pharmacologically, we expect the pattern and intensity of neurotransmitter receptor changes to vary dependent on the age at injection, the dosage and the time of investigation after injection.
A neurotoxic animal model of PD is generated by the local administration of 6-OHDA (Antony et al., 2011). Since the reduction of striatal 5-HT2 receptor densities described in our study is in line with previous results that revealed a similar down-regulation in 6-OHDA-induced PD rats (Li et al., 2010), it would be interesting to characterize the other receptors demonstrated to be altered in our study also in the 6-OHDA model. Comparable to MPTP-treated animals, we would expect variations similar to those found in the present study but depending on the parameters of administration.

Based upon the common features of both systems (genetic vs. drug induced), important characteristics for the human PD could be deduced. Actually, some of our findings are in line with findings in brains of PD patients. For example, changes of nicotinic acetylcholine receptors were reported in PD patients (Burghaus et al., 2003; Oishi et al., 2007; Kas et al., 2009), 5-HT1A receptor dysfunction was described in PD patients depending on the absence or presence of depression (Ballanger et al., 2012) and D2 receptor densities were also shown to be increased in PD patients (Rinne et al., 1990a; Rinne et al., 1990b; Hurley and Jenner, 2006).
Taken together, we here presented novel data on the expression of various neurotransmitter receptors in the brains of Pitx3ak mice, a mouse model exhibiting neuropathological, behavioral and pharmacological features of PD. The impact of non-dopaminergic systems in the molecular pathology of PD is highlighted by the present observations, pointing to new targets for pharmaceutical intervention.
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Legends

Table 1. Summary of receptor subtypes, 3H-ligands, non-radioactive displacers and incubation conditions of the autoradiographic experiments

a Main incubation only. b Preincubation only. c Pre- and main incubation only. d Prerinsing and main incubation only.

Table 2. Mean receptor densities in fmol/mg protein ± SD measured in different brain regions of control (n = 6) and Pitx3ak mice (n = 12)

Significant differences are marked by asterisks (*p < 0.05 or **p < 0.01). Olfactory bulb (OB); motor cortex (M); somatosensory cortex (S); piriform cortex (Pir); caudate putamen (striatum) (CPu); field CA1-3 of hippocampus (CA1-3); dentate gyrus (DG); visual cortex (V); substantia nigra (SN);  cerebellum (CB).

Figure 1. Contrast-enhanced color-coded images showing the regional distribution of twelve different binding sites within the brains of Pitx3ak mice and corresponding control animals (striatal section plane on the left and hippocampal section plane on the right). The assigned color scales with eleven colors representing equally spaced density ranges in fmol/mg protein are shown for each receptor type. Only binding sites that were significantly altered between the two groups are shown. For a complete list of regional receptor densities, see Table 2.

Figure 2. Mean densities of twelve different binding sites, including standard deviations, in different brain regions of control (n = 6; black bars) and Pitx3ak mice (n = 12; gray bars). Mean density is indicated as fmol/mg protein. Statistically significant differences are marked by asterisks (*p < 0.05 or ***p < 0.01). Olfactory bulb (OB); motor cortex (M); somatosensory cortex (S); piriform cortex (Pir); caudate putamen (striatum) (CPu); field CA1-3 of hippocampus (CA1-3); dentate gyrus (DG); visual cortex (V); substantia nigra (SN);  cerebellum (CB). Only binding sites that were significantly altered between the two groups are shown. For a complete list of regional receptor densities, see Table 2.
	Receptor
	3H-ligand, amount          in main incubation
	Displacer, amount                       in main incubation
	Incubation buffer
	Preincubation
	Main 

incubation
	Rinsing

	AMPA
	AMPA, 10 nM
	Quisqualate, 10 µM
	50 mM Tris-acetate (pH 7.2), 100 mM KSCN a
	3x10 min, 4 °C
	45 min, 4 °C
	4x4 s, 4 °C; 2x2 s in 

   2,5% glutaraldehyde in acetone

	Kainate
	Kainate, 9.4 nM
	SYM 2081, 100 µM
	50 mM Tris-citrate (pH 7.1), 10 mM Calcium acetate a
	3x10 min, 4 °C
	45 min, 4 °C
	3x4 s, 4 °C; 2x2 s in 

   2,5% glutaraldehyde in acetone

	NMDA
	MK 801, 3.3 nM
	MK 801, 100 µM
	50 mM Tris-HCl (pH 7.2), 50 µM Glutamate, 30 µM Glycine a, 

   50 µM Spermidine a
	15 min, 4 °C
	60 min, 22 °C
	2x5 min, 4 °C; 1 s in distilled water

	mGlu2/3
	LY 341495, 1 nM
	L-Glutamate, 1 mM
	Phosphate-buffer (pH 7.6) 137 mM NaCl, 2.7 mM KCl, 

   4.3 mM Na2HPO4x2H2O, 1.4 mM KH2PO4, 100 mM KBr a
	2x5 min, 22 °C
	60 min, 4 °C
	2x5 min, 4 °C; 1 s in distilled water

	GABAA
	Muscimol, 7.7 nM
	GABA, 10 µM
	50 mM Tris-citrate (pH 7.0)
	3x5 min, 4 °C
	40 min, 4 °C
	3x3 s, 4 °C; 1 s in distilled water

	GABAA
	SR 95531, 3 nM
	GABA, 1 mM
	50 mM Tris-citrate (pH 7.0)
	3x5 min, 4 °C
	40 min, 4 °C
	3x3 s, 4 °C; 1 s in distilled water

	GABAB
	CGP 54626, 2 nM
	CGP 55845, 100 µM
	50 mM Tris-HCl (pH 7.2), 2.5 mM CaCl2
	3x5 min, 4 °C
	60 min, 4 °C
	3x2 s, 4 °C; 1 s in distilled water

	BZ
	Flumazenil, 1 nM
	Clonazepam, 2 µM
	170 mM Tris-HCl (pH 7.4)
	15 min, 4 °C
	60 min, 4 °C
	2x1 min, 4 °C; 1 s in distilled water

	M1

	Pirenzepine, 10 nM
	Pirenzepine dehydrate, 2 µM
	Modified Krebs-buffer (pH 7.4) 5.6 mM KCl, 30.6 mM NaCl, 

   1.2 mM MgSO4, 1.4 mM KH2PO4, 5.6 mM D-Glucose, 

   5.2 mM NaHCO3, 2.5 mM CaCl2
	15 min, 4 °C
	60 min, 4 °C
	2x1 min, 4 ° C; 1 s in distilled water

	M2
	Oxotremorine-M, 1.7 nM
	Carbachol, 10 µM
	20 mM Hepes-Tris (pH 7.5), 10 mM MgCl2
	20 min, 22 °C
	60 min, 22 °C
	2x2 min, 4 °C; 1 s in distilled water

	M2
	AF-DX 384, 5 nM
	Atropine sulfate, 100 µM
	Modified Krebs-buffer (pH 7.4) 4.7 mM KCl, 120 mM NaCl, 

   1.2 mM MgSO4, 1.2 mM KH2PO4, 5.6 mM D-Glucose, 

   25 mM NaHCO3, 2.5 mM CaCl2
	15 min, 22 °C
	60 min, 22 °C
	3x4 min, 4 °C; 1 s in distilled water

	M3
	4-DAMP, 1 nM
	Atropine sulfate, 10 µM
	50 mM Tris-HCl (pH 7.4), 0.1 mM PMSF, 1 mM EDTA
	15 min, 22 °C
	45 min, 22 °C
	2x5 min, 4 °C; 1 s in distilled water

	Nicotinic
	Epibatidine, 0.11 nM
	Nicotine, 100 µM
	15 mM Hepes (pH 7.5), 120 mM NaCl, 5.4 mM KCl, 

   0.8 mM MgCl2, 1.8 mM CaCl2 
	20 min, 22 °C
	90 min, 4 °C
	5 min, 4 °C; 1 s in distilled water

	α1
	Prazosin, 0.09 nM
	Phentolamine mesylate, 10 µM
	50 mM Na/K-phosphate-buffer (pH 7.4)
	15 min, 22 °C
	60 min, 22 °C
	2x5 min, 4 °C; 1 s in distilled water

	α2
	UK14,304, 0.64 nM
	Phentolamine mesylate, 10 µM
	50 mM Tris-HCl (pH 7.7), 100 µM MnCl2
	15 min, 22 °C
	90 min, 22 °C
	5 min, 4 °C; 1 s in distilled water

	5-HT1A
	8-OH-DPAT, 0.3 nM
	5-HT, 1 µM
	170 mM Tris-HCl (pH 7.7), 0.01% Ascorbate a, 4 mM CaCl2 a
	30 min, 22 °C
	60 min, 22 °C
	5 min, 4 °C; 3x1 s in distilled water

	5-HT2
	Ketanserin, 1.14 nM
	Mianserin, 10 µM
	170 mM Tris-HCl (pH 7.7)
	30 min, 22 °C
	120 min, 22 °C
	2x10 min, 4 °C; 3x1 s in distilled water

	D1
	SCH 23390, 1.67 nM
	SKF 83566, 1 µM
	50 mM Tris-HCl (pH 7.4), 120 mM NaCl, 5 mM KCl, 

   2 mM CaCl2, 1 mM MgCl2, 1 µM Mianserin a
	20 min, 22 °C
	90 min, 22 °C
	2x10 min, 4 °C; 1 s in distilled water

	D2/D3
	Raclopride, 0.55 nM
	Butaclamol, 1 µM
	50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% Ascorbate
	20 min, 22 °C
	45 min, 22 °C
	6x1 min, 4 °C; 1 s in distilled water

	D2/D3
	Fallypride, 4 nM
	Haloperidol, 10 µM
	50 mM Tris-HCl (pH 7.4), 5 mM KCl, 120 mM NaCl
	30 min, 22 °C
	60 min, 37 °C
	2x2 min, 4 °C; 1 s in distilled water

	A2A
	ZM 241 385, 0.42 nM
	2-Chloro-adenosine, 20 µM
	170 mM Tris-HCl (pH 7.4), 1 mM EDTA b, 

   2 U/l Adenosine deaminase c, 10 mM MgCl2 d 
	30 min, 37 °C

Prerinsing: 

2x10 min, 22 °C 
	120 min, 22 °C
	2x5 min, 4 °C; 1 s in distilled water




a Main incubation only. b Preincubation only. c Pre- and main incubation only. d Prerinsing and main incubation only.

	Receptor

3H-ligand
	Group
	OB
	M
	S
	Pir
	CPu
	CA1
	CA2/3
	DG
	V
	SN
	CB

	AMPA
	Control
	447±104
	614±156
	613±113
	1134±142
	590±175
	1663±524
	1304±425
	1252±367
	707±125
	288±97
	328±61

	AMPA
	Pitx3ak
	396±84
	616±171
	554±165
	1204±326
	496±130
	1605±634
	1220±421
	1152±391
	671±212
	266±83
	295±76

	Kainate
	Control
	2363±269
	2119±229
	1828±249
	1488±142
	2254±241
	1076±62
	1842±132
	1924±145
	2056±145
	592±61
	1121±81

	Kainate
	Pitx3ak
	2086±184*
	2284±175
	1972±15
	1605±172
	2513±179*
	1062±37
	1966±127
	1823±84
	2484±279**
	714±277
	1236±121

	NMDA
	Control
	1332±83
	2225±74
	2236±48
	2350±134
	1493±60
	4751±247
	2820±152
	3713±207
	2454±62
	566±32
	

	MK 801
	Pitx3ak
	1197±103
	2188±152
	2116±160
	2254±224
	1469±123
	4742±323
	2814±191
	3644±248
	2597±96
	473±78
	

	mGlu2/3
	Control
	2817±396
	10692±1556
	11239±1445
	12127±2231
	8956±2600
	4896±705
	3145±323
	8689±987
	12572±1428
	5249±495
	2140±233

	LY 341 495
	Pitx3ak
	3070±722
	11192±1186
	11688±1436
	11904±1257
	8579±828
	4826±604
	3193±512
	8054±1013
	12979±1676
	5924±1171
	2748±303

	GABAA
	Control
	2093±471
	1604±112
	1974±244
	1848±153
	1344±159
	1800±248
	994±88
	2319±236
	2151±172
	1422±136
	4641±951

	Muscimol
	Pitx3ak
	1696±375
	2097±289**
	2526±337**
	2271±388*
	1430±166
	1802±181
	1014±93
	2433±243
	2521±439
	1739±386
	6677±845**

	GABAA
	Control
	2098±403
	2228±305
	2262±247
	2460±273
	1165±105
	4057±431
	2750±334
	3052±310
	2276±443
	2081±422
	2104±152

	SR 95531
	Pitx3ak
	2367±969
	2455±408
	2376±377
	2962±626
	1317±293
	4900±1135**
	4410±1185**
	5159±1249**
	3012±407**
	3210±474
	2431±423

	BZ
	Control
	7270±1560
	6028±803
	7159±1078
	5101±788
	1531±191
	7730±1067
	4455±535
	5854±675
	7060±1032
	7850±1752
	2225±493

	Flumazenil
	Pitx3ak
	8438±937
	7195±951*
	8750±1211*
	7142±1090**
	1837±262*
	8976±1367
	6068±985**
	8593±1262**
	8944±1252**
	12284±1799**
	2998±293**

	GABAB
	Control
	4373±305
	10491±675
	9620±676
	10969±1000
	4771±436
	9916±803
	12474±947
	11520±736
	11687±740
	5383±710
	10043±660

	CGP 54626
	Pitx3ak
	4275±515
	12732±1491**
	11271±1843
	13287±2008*
	4933±555
	10774±1033
	13719±1361
	12939±1495*
	15066±1615**
	6784±1008**
	10738±1682

	M1
	Control
	2084±617
	3761±1052
	3785±1085
	4562±1025
	7105±1868
	7136±1386
	3873±700
	7279±1425
	4381±1494
	386±113
	

	Pirenzepine
	Pitx3ak
	1777±569
	3707±1200
	3476±1079
	4366±1403
	5891±1933
	6768±1917
	3507±980
	6400±1655
	4980±1440
	480±132
	

	M2
	Control
	2931±439
	1179±113
	1657±110
	694±50
	1976±197
	602±71
	629±70
	402±47
	1332±177
	353±44
	187±12

	Oxotremorine-M
	Pitx3ak
	2675±289
	1142±75
	1462±108**
	648±63
	1601±171**
	606±66
	644±78
	424±44
	1221±129
	330±44
	188±14

	M2
	Control
	3474±329
	1657±85
	2332±176
	1179±129
	4932±237
	1100±115
	965±68
	705±38
	1951±229
	514±98
	224±14

	AF-DX 384
	Pitx3ak
	3484±446
	1880±214
	2421±227
	1215±192
	4883±359
	1144±87
	985±75
	765±53
	2137±249
	539±78
	251±26

	M3
	Control
	2383±105
	4355±154
	4766±170
	4060±164
	8507±439
	7518±549
	4440±378
	6336±545
	5336±250
	601±69
	

	4-DAMP
	Pitx3ak
	2379±267
	5252±407**
	5395±350**
	4621±322**
	8799±412
	8180±504*
	4372±326
	6596±354
	6265±500**
	697±112
	

	Nicotinic
	Control
	242±14
	450±26
	403±17
	227±14
	558±30
	229±14
	192±11
	273±18
	456±33
	329±42
	

	Epibatidine
	Pitx3ak
	221±26
	452±40
	415±43
	225±29
	297±32**
	211±28
	163±30*
	229±34**
	417±43
	337±73
	

	α1
	Control
	837±47
	1004±16
	641±48
	506±23
	221±14
	244±9
	250±7
	265±17
	618±33
	315±42
	320±8

	Prazosin
	Pitx3ak
	955±38**
	1078±88
	644±35
	582±41**
	236±14*
	263±18*
	282±12**
	294±17**
	608±68
	374±53*
	334±26

	α2
	Control
	236±27
	229±19
	226±26
	386±80
	135±11
	269±27
	169±29
	222±29
	264±20
	199±36
	166±25

	UK14,304
	Pitx3ak
	274±33
	260±29
	239±28
	405±39
	160±26
	266±32
	183±30
	268±34
	298±53
	251±49
	183±29

	5-HT1A
	Control
	79±5
	202±29
	175±26
	143±24
	47±4
	754±28
	130±7
	172±12
	154±21
	49±6
	

	8-OH-DPAT
	Pitx3ak
	68±8*
	212±19
	168±17
	142±19
	45±5
	704±38*
	124±9
	150±20*
	167±18
	48±3
	

	5-HT2
	Control
	357±21
	784±32
	743±40
	735±77
	1159±127
	520±18
	480±19
	421±31
	609±37
	375±98
	268±29

	Ketanserin
	Pitx3ak
	355±30
	733±58
	699±55
	661±70
	608±53**
	492±45
	482±47
	437±42
	592±58
	381±74
	287±23

	D1
	Control
	
	
	
	
	4227±537
	
	
	
	
	1113±560
	

	SCH 23390
	Pitx3ak
	
	
	
	
	4495±631
	
	
	
	
	1295±205
	

	D2/D3
	Control
	
	
	
	
	904±35
	
	
	
	
	
	

	Raclopride
	Pitx3ak
	
	
	
	
	977±42*
	
	
	
	
	
	

	D2/D3
	Control
	
	
	
	
	2514±212
	
	
	
	
	
	

	Fallypride
	Pitx3ak
	
	
	
	
	2480±243
	
	
	
	
	
	

	A2A
	Control
	
	
	
	
	3265±364
	
	
	
	
	
	

	ZM 241 385
	Pitx3ak
	
	
	
	
	3381±393
	
	
	
	
	
	



[image: image1.png]Control

Control

Control

Control

Control

418 795

1782

3218

8182

5455

2836

Pitx3™

5164

13636

Pitx3™

8182

Pitx3™

1171

['H]Kainate

R

4945 6000

[HISR 95531
Pitx3™

Control

9055 11000

Control

19091 24545

30000

Control

e

13636

15000

[H]Prazosin

1491 1800

[*H]Ketanserin
Control Pitx3™

1547 1924 pEL]
[ [ | [ .

Control

864

Control

Control

Control

Control

Control

409

1991

1364

1782

827

3118 4245

9091

2273

pLEI

1245 1664

12727

3182

Control

5!

ht

e

4

16364

4091

[*H]Muscimol

373 6500

[’H]Flumazenil
Pitx3™*

20000

5000

['H]Epibatidine

836 2200

945 6000

['H]Raclopride

2082 2500





[image: image2.png]3000
2500
2000
1500
1000

500

fmol/mg protein

7000
6000
5000
4000
3000
2000
1000

0

fmol/mg protein

18000
15000

o
I~
S
3
3

9000
6000
3000

fmol/mg protein

10000

8000

6000

4000

fmol/mg protein

2000

1400
1200
1000
800
600
400
200

fmol/mg protein

1400
1200
1000
800
600
400
200

fmol/mg protein

Kainate % PHlKainate
* * u Control

" Pitx3"

0B M s Pir CPu CA1l CA2/3 DG v SN CB

[PHISR 95531
m Control
= Pitx3”

GABA, ,
*
*

mEa Y

ok

*k

oB M S Pir CPu CA1l CA2/3 DG v SN CB

GABAg ¥ PHIcGP 54626
* u Control

" Pitx3"

Fhk

o8B M S Pir CPu CAl1 CA2/3 DG v SN CB

M, [H14-DAMP

m Control
" Pitx3™

*
*

okk
Hokok
*

0B M s Pir CPu CAl1 CA2/3 DG \Z SN

oy [*H]Prazosin

 Control
Pitx3”

AR

oB M S Pir CPu CAl CA2/3 DG v SN CB

5-HTZ PHiKetanserin
m Control
=pited”

Pir CPu CAl CA2/3 DG V

8000
7000
6000
5000
4000
3000
2000
1000

fmol/mg protein

16000
14000

I~
S
3
S

10000
8000
6000
4000
2000

fmol/mg protein

4000
3500
3000
2500
2000
1500
1000

500

fmol/mg protein

700
600
500
400
300
200
100

fmol/mg protein

1000

800

600

400

fmol/mg protein

200

1200
1000
800
600
400
200

fmol/mg protein

GABA, [*H]Muscimol

u Control
= Pitx3™

mEETY

x

Pir CPu CAl CA2/3 DG v

BZ [PH]Flumazenil 5

wControl X
= Pitx3™

oB ™M s Pir CPu CAl CA2/3 DG v SN CB

M, [PH]Oxotremorine-M
m Control
= Pitd”

III |

CPu CA1 CA2/3 DG v

nicotinic PH]Epibatidine
= Control
= Pitx3”

Illlllilif

CPu CA1 CA2/3 DG v

5-HT,, [PH]8-OH-DPAT
u Control
" Pita3™

*
Bl NuEn.o
oB

™M s Pir CPu CA1 CA2/3 DG v SN

D,/ D, [PHIRaclopride
= Control
* = pited”





Table 1. Summary of receptor subtypes, 3H-ligands, non-radioactive displacers and incubation conditions of the autoradiographic experiments





Table 2. Mean receptor densities in fmol/mg protein ± SD measured in different brain regions of control (n = 6) and Pitx3ak mice (n = 12)





Significant differences are marked by asterisks (*p < 0.05 or **p < 0.01). Olfactory bulb (OB); motor cortex (M); somatosensory cortex (S); piriform cortex (Pir); caudate putamen (striatum) (CPu); field CA1-3 of hippocampus (CA1-3); dentate gyrus (DG); visual cortex (V); substantia nigra (SN);  cerebellum (CB).





Fig. 1. Contrast-enhanced color-coded images showing the regional distribution of 12 different binding sites within the brains of Pitx3ak mice and corresponding control animals (striatal section plane on the left and hippocampal section plane on the right). The assigned color scales with 11 colors representing equally spaced density ranges in fmol/mg protein are shown for each receptor type. Only binding sites that were significantly altered between the two groups are shown. For a complete list of regional receptor densities, see Table 2.





Fig. 2. Mean densities of twelve different binding sites, including standard deviations, in different brain regions of control (n = 6; black bars) and Pitx3ak mice (n = 12; gray bars). Mean density is indicated as fmol/mg protein. Statistically significant differences are marked by asterisks (*p < 0.05 or ***p < 0.01). Olfactory bulb (OB); motor cortex (M); somatosensory cortex (S); piriform cortex (Pir); caudate putamen (striatum) (CPu); field CA1–3 of hippocampus (CA1–3); dentate gyrus (DG); visual cortex (V); substantia nigra (SN); cerebellum (CB). Only binding sites that were significantly altered between the two groups are shown. For a complete list of regional receptor densities, see Table 2.
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